ABSTRACT The pore structure of rock has a great influence on its physical and mechanical properties. Factors such as chemical corrosion and temperature changes affect the pore structure evolution. In this paper, the pore structure of sandstone was investigated under rapid freeze-thaw (F-T) cycles and chemical corrosion. A nuclear magnetic resonance (NMR) testing system is used to study the pore structure of tight sandstone samples immersed in different chemical solutions after 10, 20, and 30 F-T cycles. Permeability is determined by using empirical method. Results found that permeability is strongly affected by the erosion of NaOH and NaCl solutions. The pores in the rock were divided into three categories based on the pore size, i.e., minipores, mesopores, and macropores. The results showed that the amount of mini-pores and mesopores both decreased with an increase in the number of F-T cycles while the amount of macropores increased for groups of NaOH, NaCl, and pure water. No conclusive trend can be found in the H 2 SO 4 group. Fractal analysis of the pore structure revealed that no conclusive trend was observed for fractal dimension of mini-pores D 1 . Fractal dimension of mesopores D 2 ranged from 2.79 to 2.93, indicating a medium complexity pore structure of the mesopores. Fractal dimension of macropores D 3 was over 2.9, implying that the pore structure of the macropores is the most complex. The fractal dimension of the T 2 spectrum D NMR ranged from 2.55 to 2.77. Correlations between the fractal dimensions and porosity are also presented. Results showed that D 2 and D 3 can be good indicators for the pore size volume of sandstone samples immersed in H 2 SO 4 , NaOH and NaCl solutions, while D NMR is a good indicator for the pore size volume of sandstone samples immersed in NaOH solution and pure water.
I. INTRODUCTION
Rock deformation and rock failure are strongly affected by the pore structure. In porous media, the pore structure is a term that describes the porosity, pore size and pore size distribution. The correlations between the mechanical properties of rocks and porosity have been studied in many publications [1] - [6] . In cold regions, rocks often contain water. Therefore, the pore structure evolution of intact rock may be accelerated due to temperature fluctuations, contributing to the failure process of rocks. The deterioration of rock caused by extreme temperature changes has been investigated The associate editor coordinating the review of this manuscript and approving it for publication was Geng-Ming Jiang.
by many researchers [7] - [16] . These studies demonstrated that the physical and mechanical properties of rocks showed degradation when subjected to freeze-thaw (F-T) cycles. In other studies, the pore structure of rocks that experienced F-T cycles has also been investigated [17] - [21] , and it has been found that after applying F-T cycles, the porosity of the rocks increased. In some special cases, the intact rock is also deteriorated by acid or alkali corrosion. Minerals of the rock may react with chemical solutions, leading to pore structure damage. The effects of different water-chemical solutions on rock mechanical features have been presented by many scholars [22] - [25] . However, few studies have focused on pore structure evolution under the combined influence of F-T cycles and chemical erosion. Some scholars have demonstrated that the pore structure or the pore size distribution has vital importance on the strength and permeability of rocks [26] , [27] . In this regard, more attention should be paid to pore structure evolution under the combined influence of F-T cycles and chemical corrosion.
In the measurement of the pore structure of rocks, many experimental methods, such as mercury intrusion porosimetry (MIP), computed tomography (CT), scanning electron microscopy (SEM) and nuclear magnetic resonance (NMR), were adopted [20] , [28] - [32] . The comparison between CT and NMR is introduced by Zhao et al. [33] . It was found that CT is ineffective in describing the characteristics of a wide range of pore size distributions compared to NMR. Many researchers have investigated the pore size classification of rocks. For example, Yao and Liu [34] divided the pores of coal into mesopores, macropores and fractures. Li et al. [20] divided the pores of sandstone into micropores (< 0.1µm), mini-pores (0.1-1 µm), mesopores (1-10 µm) and macropores (10-100 µm). In this study, a low field NMR testing system is used to investigate the pore structure of rock samples. The two main parameters in NMR testing are the longitudinal relaxation time T 1 and the transverse relaxation time T 2 . T 1 and T 2 were used to study the pore size distribution of rocks in many studies [35] - [41] . However, according to Wang et al. [42] , it is difficult to accurately characterize the pore structure using traditional experimental methods. Previous investigations revealed that rocks are geo-materials with good self-similar characteristics, and fractal theory is suitable for describing the complexity of the pore structure quantitatively [43] , [44] . The fractal theory has been widely applied in the pore structure analysis of rock and rock-like materials [45] - [48] . However, because the pores in rocks are distributed over a wide range, it is necessary to use a fractal analysis method to investigate pore structure development.
In this study, the pore structure of sandstone subjected to F-T cycles and a chemical environment was investigated. An NMR testing system is used to obtain the T 2 spectrum of sandstone samples. Porosity evolution and pore structure are presented. An empirical method was used to calculate the porosity based on NMR. In addition, fractal theory is adopted to analyze the pore structure. Four fractal dimensions for mini-pores, mesopores, macropores and the T 2 spectrum are investigated. Finally, the correlations between fractal dimensions and porosity are presented.
II. MATERIALS AND METHODS

A. SPECIMEN PREPARATION
Sandstones are widely distributed in the cold regions of China. In this study, cylindrical sandstone samples were cored from the same rock block from the Qinghai-Tibet Plateau in northwest China. The diameter and length of the samples were 50 mm and 50 mm, respectively. The diameter of the sample was more than 20 times larger than the grain size, satisfying the specimen size recommended by the International Society for Rock Mechanics (ISRM).
The surfaces of specimens were prepared smoothly and straight to reduce friction. Primary porosity of this kind sandstone is 3.11%.
B. FREEZE-THAW TESTS
In this study, the F-T tests were conducted by a cyclic F-T testing machine. Sandstone samples were first immersed in three different chemical solutions, i.e., H 2 SO 4 solution with a pH of 3, NaOH solution with a pH of 12 and NaCl solution with a pH of 7. Pure water was used as the control group. The temperature for freezing was −20 • C, and the temperature for thawing was 20 • C. The F-T cycles were repeated 10, 20 and 30 times. One F-T cycle includes a 4 h freezing period and a 4 h thawing period.
C. NUCLEAR MAGNETIC RESONANCE TESTS
NMR can be used to measure the rock porosity, pore size distribution and permeability due to its convenience and accuracy. In this study, a low field NMR analysis system was used to investigate the pore structure of sandstone. The theory of NMR has been introduced by Gao et al. [49] .
In total, 48 sandstone samples were used in this study, and all the samples were divided into four groups, which correspond to three different chemical solutions and pure water. After the F-T tests, the sandstone samples were saturated and then placed into the NMR system to measure the T 2 relaxation time. The echo interval is 3.5ms, scanning times is 4 and the number of echoes is 400 in this study. The decay curve and T 2 relaxation time of a saturated sandstone sample without any F-T and chemical erosion treatment are shown in Figure 1a . As shown in Figure 1b , an accumulative porosity of 3.11% can be obtained from the accumulative porosity curve. The accuracy of NMR porosity measurement has been validated by Yang et al. [50] by using conventional weighting method. In this study, conventional weighting method was adopted to validate the accuracy. The porosity obtained from conventional weighting method was determined by the following equation:
where ρ is the porosity measured by conventional weighting method, m s is the saturated mass of sandstone, m d is the dry mass of sandstone, ρ w is the density of water, V s is the volume which was calculated from the dimensions of saturated sample. between NMR porosity and porosity obtained by conventional weighting method is about 1%, indicating that NMR porosity is of good accuracy.
III. RESULTS AND ANALYSIS
A. POROSITY EVOLUTION OF SAMPLES
According to the principles of NMR, the T 2 relaxation time can be expressed by the following equation:
where T 2free is the fluid free relaxation time (ms), ρ 2 is the transverse surface relaxation strength (µm/ms), S is the pore surface area (cm 2 ), V is the pore volume (cm 3 ), D is the diffusion coefficient, γ is the gyromagnetic ratio, and T E is the echo time (ms). Eq. (2) can be simplified as follows according to Cohen and Mendelson [51] :
Eq. (3) shows that the pores with a larger size correspond to a longer T 2 relaxation time. Figure 2 shows the T 2 relaxation time distribution and accumulative porosity of sandstone samples. The porosity evolution was then calculated and is presented in Figure 3 . When the number of F-T cycles is 0, the porosity of the sandstone sample immersed in pure water is 3.11%, while the porosities of the samples immersed in H 2 SO 4 solution, NaOH solution and NaCl solution are 3.63%, 3.65% and 3.38%, respectively. This means that the pore structure of the samples was deteriorated by the chemical solutions. It can be concluded that without F-T cycles, the greatest degradation caused by chemical erosion is found to be for the NaOH solution, followed by the H 2 SO 4 solution and NaCl solution. With increasing number of F-T cycles, the porosity of the pure water group showed small fluctuations, while the other three groups all showed an increase in porosity. However, the increase in amplitude is different. The samples immersed in NaCl solution showed the greatest increase in porosity with a value of 9.19%, followed by NaOH solution with a value of 6.03%, H 2 SO 4 solution with a value of 5.26%, and pure water with a value of 3.82%. This result indicates that the combined influence of F-T cycles and NaCl solution erosion causes more degradation to the sandstone samples, followed by the combined influence of F-T cycles and NaOH solution. The control group showed the least degradation to the sandstone.
B. PERMEABILITY DEVELOPMENT
To investigate the permeability development of sandstone subjected to the test conditions, the permeability was calculated using the mean T 2 model, also known as SDR model, based on the T 2 spectrum of the saturated sandstone samples. The model is expressed as follows [52] :
where ∅ is the porosity measured by NMR, T 2m is the geometric mean of T 2 distribution of saturated sample in the unit of ms. The permeability development of different groups of sandstone is reported in Figure 4 . It may be seen that permeability in all groups showed an increase trend when F-T cycles increased. For samples immersed in chemical solutions, permeability showed obvious increase after 10 F-T cycles. In addition, permeability of samples immersed in H 2 SO 4 and pure water doesn't change much after 30 F-T cycles, however, when immersed in NaOH and NaCl solution, permeability of samples increased to 45.7×10 −4 mD and 332.4× 10 −4 mD respectively, indicating that when immersed in these two solutions, more pores in the samples connected. This is may be attributed that the chemical reactions between minerals of samples and these two chemical solutions were strong than the other groups.
Several studies demonstrated that permeability is related with porosity. To investigate the correlation between permeability and porosity, the data were ploted as shown in Figure 5 . It is clear that with the increase of porosity, permeability also increased. When immersed in NaOH and NaCl solution, small amount increase in porosity leads to large amount increase in permeability.
Non-linear euqation was used to fit the data for smaples immersed in chemical solutions. It was found permeability showed good correlations with porosity in groups of NaOH (R 2 = 0.86) and NaCl (R 2 = 0.97), while group of H 2 SO 4 , the correlation coefficient (R 2 = 0.62) is lower than the other groups. In addition, no conclusive trend between permeability and porosity can be found for group of pure water. Above analysis demonstrated that porosity is a good indicator for permeability prediction for sandstone degraded by the combined effects of F-T cycles and erosion.
C. PORE STRUCTURE DEVELOPMENT
The pores in the rock can be divided into two categories based on the shape of pores, i.e., spherical structure pores and columnar pores. Thus, Eq. (3) can be further expressed by the relationship between T 2 relaxation time and pore radius:
where r c is the pore radius, F s is the geometry factor (for the spherical structure pores, F s is 3 and for columnar pores, F s is 2). Eq. (5) can be simplified as follows:
where C is the conversion coefficient and C = ρ 2 F s . The most common method to determine the C value is to compare the T 2 spectrum and MIP pressure curve. However, Slijkerman and Hofman [53] demonstrated that surface relaxivity can be directly determined from NMR measurement by conducting diffusion experiment. The restricted diffusion coefficient can be rewritten as Eq. (7) according to Mitra et al. [54] .
where D(t) is the effective diffusion coefficient, D 0 is the free diffusion coefficient in the bulk solution, (S/V) is the surface to volume ratio, t is the diffusion time. The term ϕ (ρ, R, t) represents higher order terms and can be neglected at the shortest observation time [55] . Thus Eq.
(1) can be written as follows:
By linear fitting the experimental data to √ t, the average surface to volume ratio ( S V ) can be obtained. Then the surface relaxivity ρ can be calculated by Eq. (9) .
where ξ i is the volume fraction of the pores with the surface to volume ratio
, the corresponding relaxation time of the pores is expressed as T 2i .
It can be seen that the surface relaxivity ρ can be obtained by conducting a diffusion experiment.
Li et al. [20] suggested that that the C value of most sandstone in China is in the range of 0.01-0.15 µm/ms. In this study, the sandstone is a kind of tight sandstones, so a C value of 0.01µm/ms was adopted to relate the T 2 relaxation time and pore size. In this study, the pore size was divided into three categories, i.e., mini-pores (<0.1 µm), mesopores (0.1-1 µm) and macropores (>1 µm). Figure 6 shows the relationship between pore size classification and T 2 relaxation time.
According to the classification presented in Figure 6 , the proportions of three different pores are quantified and displayed in Table 2 . For the H 2 SO 4 solution group, the proportion of mini-pores and mesopores both increased when the number of F-T cycles increased to 10. However, when the number of F-T cycles increased from 10 to 30, the proportion showed fluctuations. This is mainly because the chemical reaction product of H 2 SO 4 solution and rock minerals is poorly water-soluble and may fill the initial pores and expanded pores caused by F-T cycles [30] , [56] . On the one hand, it was observed that for the other three groups, the proportion of mini-pores and mesopores both decreased, while the proportion of macropores increased with an increase in F-T cycles. On the other hand, it was also observed that the proportion of mini-pores only accounted for less than 15% of the pore volume, while the proportion of mesopores changed in a wide range from 6% to 55%. In most cases, the proportion of macropores is more than 40%. This indicates that the pore volume has a great dependency on the volume of mesopores and macropores. The proportion of macropores in NaOH group and NaCl group after 30 F-T cycles accounts for more than 85% of the pore volume, demonstrating that the combined effects of F-T cycles and these two chemical solutions on sandstone were more serious.
IV. FRACTAL ANALYSIS OF PORE STRUCTURE
According to the fractal theory, the number of pores with a size larger than r can be expressed by the following equation: (10) where N (> r) is the number of pores with a size larger than r; r max is the maximum pore radius, µm; r is the pore radius, µm; f (r) is the intensity function of the pore radius, %; a is the fractal factor; and D is the fractal dimension.
Eq. (10) can be expressed as follows by taking a derivative with respect to r.
where a is a constant and equals (-Da). Then, the cumulative volume of pores with radii smaller than r can be expressed by Eq. (12).
where V (< r) is the cumulative volume of pores with radii smaller than r, µm 3 , and r min is the minimum pore radius, µm. By substituting Eq. (11) into Eq. (12), the total volume of pores with radii smaller than r can be expressed by Eq. (13).
where a is a constant and equals (a a/(3 − D). Therefore, the total volume of pores in the sample can be expressed by Eq. (14) .
where V s is the total volume of pores in the sample, µm 3 .
The proportion of pores with radii smaller than r can be obtained by dividing Eq. (13) by Eq. 14).
Because r min << r max , Eq. (15) into Eq. (17) .
where T 2max is the maximum transverse relaxation time, ms.
Taking a logarithm on both sides of Eq. (17), then the following expression can be obtained.
Eq. (18) is used to calculate the fractal dimensions in this study. Figure 7 presents the plots of lg (S v ) versus lg (T 2 ) for different groups after 30 F-T cycles. Based on the pore size classification, three fractal dimensions, i.e., D 1 , D 2 and D 3 for three different pores were calculated by linear fitting within the corresponding range. D 1 , D 2 and D 3 are the fractal dimensions for mini-pores, mesopores and macropores, respectively. In addition, the fractal dimension for the T 2 spectrum D NMR is also obtained by linear fitting of the whole pore size range. Table 3 shows the values of fractal dimensions D 1 , D 2 , D 3 , and D NMR and the corresponding correlation coefficients for each group. The fractal dimension D 1 showed fluctuations in ranges of 2.2131-2.4702, 2.2454-2.4179, 1.90-2.3954 and 2.1486-2.4495 for the H 2 SO 4 solution group, NaOH solution group, NaCl solution group and pure water group, respectively. With the increase in number of F-T cycles, D 1 shows no conclusive trend except for NaCl group, which showed a decreasing trend with more F-T cycles applied. In addition, a relatively low D 1 value may be caused by the influence of bulk relaxation and diffusion in internal field gradients on the NMR T 2 signals for fine pores. 2 and D 3 are larger than 0.8. According to the fractal theory, it can be judged that the pore structure of macropores in the sandstone sample is more complex compared to the mesopores. In addition, the pore structure of minipores corresponds to the least complexity. The results indicate that macropores have the most obvious fractal characteristic, followed by mesopores and mini-pores.
A. FRACTAL DIMENSIONS OF DIFFERENT PORES
As for the fractal dimension D NMR , it was found that D NMR ranges from 2.5506 to 2.7718 with correlation coefficients that are much lower than those of D 2 and D 3 , implying that the sample has a medium complexity pore structure with fractal characteristics. On the other hand, after 30 F-T cycles, the D NMR values for the four groups are 2.7456, 2.6818, 2.5506 and 2.7718, respectively. This demonstrated that after water corrosion, the sandstone sample has the most complex pore structure with fractal characteristics. This is mainly due to the combined influence of chemical reactions and F-T cycles, which make the pore structure more uniform and is stronger than the separate effect of F-T cycles.
To understand the combined influence of F-T cycles and chemical corrosion on fractal dimensions, the data were plotted in Figure 8 . No conclusive trends can be found in D 1 and D NMR . However, obvious trends are observed in D 2 . The groups of H 2 SO 4 , NaOH and NaCl solutions for D 2 exhibited decreasing trends, indicating that the pore structure of the mesopores became more uniform under the combined influence of chemical corrosion and F-T cycles. D 2 evolution for the pure water group implies that the pore structure of the mesopores showed nearly no changes. As for the fractal dimension of macropores D 3 , it was found that D 3 of the NaOH and NaCl groups decreased while increased for groups of H 2 SO 4 and pure water, indicating that the pore structure of the macropores became more complex in H 2 SO 4 solution and pure water, while macropores became more uniform in NaOH and NaCl solutions. This is may be attributed that when immersed in H 2 SO 4 solution and pure water, the chemical products are poorly water-soluble and may fill the initial pores and expanded pores caused by F-T cycles [30] , [56] . 
B. CORRELATIONS BETWEEN FRACTAL DIMENSIONS AND POROSITY
Some scholars have suggested that the fractal dimension is an effective indicator to describe the physical properties of sandstone [57] , [58] . In this study, the correlations between fractal dimensions and porosity are presented in Figure 9 . D 1 showed a positive linear relationship with porosity when sandstone samples were immersed in pure water. The correlation coefficient is 0.81. A higher correlation coefficient for NaCl group was observed (R 2 = 0.97). Relatively lower coefficient (R 2 = 0.11) is found in the samples immersed in H 2 SO 4 solution and NaOH solution, demonstrating a lower correlation with porosity.
On the other hand, the fractal dimension of mesopores D 2 showed relatively good linear relationships with porosity when the samples were immersed in H 2 SO 4 , NaOH and NaCl solutions. The correlation coefficients of these three groups were 0.75, 0.93 and 0.92, respectively. This indicates that for these three groups, D 2 has a strong dependence on porosity. With increasing porosity, the fractal dimension of the mesopores decreased. This means that the pore structure of the mesopores became less complex, i.e., more uniform. While for fractal dimension of pure water group, less correlation is found. Similar results can be found in the fractal dimension of macropores D 3 (see Figure 9c) .
For the fractal dimension of the T 2 spectrum, a highly positive relationship (R 2 = 0.88) was identified between D NMR and porosity in pure water group (see Figure 9d) , followed by the NaOH group (R 2 = 0.77), H 2 SO 4 group (R 2 = 0.17) and NaCl group (R 2 = 0.02), indicating that there is no relationship between D NMR and porosity for samples immersed in H 2 SO 4 and NaCl solutions. The results also revealed that with increasing porosity, the pore structure of the macropores became more complex in NaOH and pure water group.
Based on the above analysis, it can be concluded that D 2 and D 3 can be good indicators for the pore size volume of sandstone samples immersed in H 2 SO 4 , NaOH and NaCl solutions, while D NMR is a good indicator for the pore size volume of sandstone samples immersed in NaOH solution and pure water.
V. CONCLUSION
To study the pore structure development of rocks subjected to F-T cycles and chemical corrosion, sandstone samples were immersed in chemical solutions and experienced rapid F-T cycles. NMR technology was used to measure the porosity and the T 2 relaxation time curve of rock samples. The following conclusions can be drawn. a) With an increase in the number of F-T cycles, the porosity of the sandstone samples increased. Permeability evolution also demonstrated that NaCl solution and NaOH solution caused more deterioration to sandstone samples under the same F-T cycles.
b) With an increasing number of F-T cycles, the amount of mini-pores and mesopores for groups of NaOH, NaCl and pure water decreased while the amount of macropores increased. No conclusive trend can be found in the H 2 SO 4 group. The proportion of mini-pores is less than 15%, while for mesopores, the proportion showed fluctuations. And for macropores, the proportion is more than 40%. 
